Ectodomain shedding mediated by tumor necrosis factor-a (TNF-a)-converting enzyme [TACE; also known as ADAM17 (a disintegrin and metalloproteinase 17)] provides an important switch in regulating cell proliferation, inflammation, and cancer progression. TACE-mediated ectodomain cleavage is activated by signaling of the mitogen-activated protein kinases (MAPKs) p38 and ERK (extracellular signalregulated kinase). Here, we found that under basal conditions, TACE was predominantly present as dimers at the cell surface, which required its cytoplasmic domain and enabled efficient association with tissue inhibitor of metalloproteinase-3 (TIMP3) and silencing of TACE activity. Upon activation of the ERK or p38 MAPK pathway, the balance shifted from TACE dimers to monomers, and this shift was associated with increased cell surface presentation of TACE and decreased TIMP3 association, which relieved the inhibition of TACE by TIMP3 and increased TACE-mediated proteolysis of transforming growth factor-a. Thus, cell signaling altered the dimer-monomer equilibrium and inhibitor association to promote activation of TACE-mediated ectodomain shedding, a regulatory mechanism that may extend to other ADAM proteases.
INTRODUCTION
Membrane-associated metalloproteinases mediate ectodomain shedding, a posttranslational process that results in the proteolytic release of ectodomains of various transmembrane proteins, including cytokines, growth factors, receptors, and adhesion molecules. By defining the activities of its substrates, ectodomain shedding regulates cell proliferation, migration and invasion (1) (2) (3) (4) , and, consequently, inflammation and cancer progression (2, 4, 5) .
The role of ectodomain shedding is well illustrated in the regulation of epidermal growth factor (EGF) receptor (EGFR) signaling by transmembrane forms of transforming growth factor-a (TGF-a) ligands (6) (7) (8) (9) (10) . In addition to the abundance of receptor and ligands, the cell response is defined by the release of TGF-a ligands from transmembrane forms. Increased shedding of TGF-a ligands enhances EGFR activation, resulting in epithelial cell proliferation and carcinoma progression. Conversely, ectodomain shedding of the type I TGF-b receptors (TbRIs) decreases the growth inhibition by autocrine TGF-b signaling in carcinoma cells (11) .
The ADAM (a disintegrin and metalloproteinase) class of structurally related, membrane-associated proteases control ectodomain shedding of various substrates (2, 4, 5) . They consist sequentially of a prodomain, a catalytic domain, a disintegrin domain, a cysteine-rich region, a transmembrane domain, and a cytoplasmic tail and are related to matrix metalloproteinases (MMPs). Among the ADAM proteases, tumor necrosis factor-a (TNF-a)-converting enzyme (TACE), also known as ADAM17, mediates shedding of TGF-a, amphiregulin, and heparin-binding EGF-like growth factor (HB-EGF) and thus regulates the access of the EGFR to soluble ligands (6-8, 10, 12, 13) . Increased TACE abundance in carcinomas, such as in breast carcinomas (4, 14) , is thought to aid in cancer progression through increased EGFR stimulation.
TACE also mediates shedding of inflammatory cytokines and cytokine receptors and thus plays roles in inflammation (4, 5) . TACE abundance is increased in the inflammatory response (15, 16) , and increased TACE activity resulting from lack of tissue inhibitor of metalloproteinase-3 (TIMP3), an inhibitor of MMPs and TACE (17) , leads to vascular and liver inflammation (18, 19) .
Despite intensive study, the molecular regulation of activation of TACE, or any ADAM protease, remains poorly understood. Activation of TACE is thought to require removal of its prodomain by furin proteases (20) , although this has been disputed (21, 22) . TACE is activated upon activation of the ERK (extracellular signal-regulated kinase) or p38 MAPK (mitogenactivated protein kinase) pathway by extracellular cues, such as growth factors, inflammatory mediators, and stress (3, 4) . Activation of the ERK MAPK pathway results in increased phosphorylation at two sites and decreased phosphorylation at another site in the cytoplasmic domain of TACE (23) (24) (25) , and activated p38 MAPK directly phosphorylates TACE on Thr 735 (10) . How the changes in phosphorylation lead to TACE activation is unclear. Whereas ectodomain shedding is thought to occur at the cell surface, the bulk of TACE resides inside the cell (20, 21, 25) . Therefore, TACE activation may involve rapid transport of TACE to the cell surface, which occurs in response to ERK or p38 MAPK signaling (10, 25, 26) . Additionally, activation of TACE in response to phorbol 12-myristate 13-acetate (PMA) results in a rapid conformational change, exposing the catalytic site of TACE (22) , which could involve disulfide bond isomerization (27) . Finally, TIMP3 interacts with the ectodomain of TACE and inhibits its activity (17, 28) . The increased TACE activity in the absence of TIMP3 suggests a role for TIMP3 in TACE activation (18, 19, 29) , which, however, has been questioned recently (22) .
Homo-or heterodimerization is a recurrent theme among cell surface receptors, and receptor activation often requires ligand-induced dimerization. There is no information on whether ADAM proteases form dimers or oligomers. MMP14 (MT1-MMP) and MMP9 form homodimers at the cell surface, although the functional importance of their dimerization is not well understood (30, 31) .
We provide evidence that the activity of TACE is regulated through dimerization, which requires its cytoplasmic domain. In the absence of MAPK stimulation, TACE is presented as dimers at the cell surface, allowing TIMP3 to efficiently interact with and inhibit TACE. Activation of ERK or p38 MAPK signaling, which leads to TACE activation, results in increased Department of Cell and Tissue Biology, Programs in Cell Biology and Developmental Biology, University of California, San Francisco, San Francisco, CA 94143, USA. *To whom correspondence should be addressed. E-mail: rik.derynck@ucsf. edu monomer presentation and release of TIMP3 from TACE. These results shed light on a new aspect of the regulation of the activities of TACE and other ADAM proteases, such as ADAM10, and, together with previous observations, allow for a model of how TACE activity is induced in response to activation of ERK or p38 MAPKs.
RESULTS

Regulation of TACE-mediated ectodomain shedding by TIMP3
Because TIMP3 inhibits MMPs and TACE (17, 32) , we evaluated whether it plays a role in TACE activation by p38 or ERK MAPKs. We examined the role of endogenous TIMP3 in the activity of TACE in T4-2 breast carcinoma cells (8, 10, 11) by scoring the ectodomain shedding of two endogenous substrates, the cell surface TbRI (11) and transmembrane TGF-a (10). T4-2 cells were transfected with small interfering RNA (siRNA) directed against TIMP3, resulting in a >85% reduction of TIMP3 mRNA or protein ( fig. S1A) .
Activation of ERK MAPK by PMA resulted in a rapid decrease of cell surface abundance of TbRI, as reported (11) , and activation of p38 MAPK by anisomycin also led to cleavage of cell surface TbRI through TACE ( fig. S1B ). Transfection of TIMP3 siRNA increased ectodomain shedding, reducing the cell surface abundance of TbRI in unstimulated cells to the amounts seen in response to TACE activation. Treatment with PMA or anisomycin further reduced the cell surface abundance of TbRI, albeit moderately (fig. S1B). Conversely, addition of recombinant TIMP3 inhibited PMA-induced shedding of endogenous TbRI in a dose-dependent manner ( fig. S1C ). We also examined the role of TIMP3 in the release of TGF-a into the medium ( fig. S1D ). Both PMA and anisomycin activated the release of TGF-a. Transfection of TIMP3 siRNA enhanced basal TGF-a release, suggesting increased TACE activity. As with the shedding of TbRI, the TACEmediated TGF-a shedding was only slightly increased by PMA or anisomycin. This could be explained by incomplete siRNA-mediated knockdown of TIMP3 and decreased availability of transmembrane TGF-a because of increased basal TACE activity.
We previously showed that p38 MAPK signaling enhances T4-2 cell proliferation in part through TACE by inducing release of TGF-a and amphiregulin, thereby resulting in enhanced EGFR signaling (10) . As reported, transfection of siRNAs directed against p38a MAPK resulted in decreased TACE activity (10) and inhibited cell proliferation (Fig. 1A) . Concomitant transfection of TIMP3 siRNA rescued the decrease in cell proliferation, reflecting the increase in TACE activity and resulting release of EGFR siRNA on T4-2 cell proliferation as assessed by BrdU incorporation. Lower panel shows p38 abundance. n = 3 experiments. *P < 0.01, compared with control siRNA; **P < 0.01, compared with p38a MAPK siRNA by Student's t tests. (B) Immunoblotting for TACE in cells transfected with TACE, p38a, or control siRNAs. Samples were subjected to SDS-PAGE without or with prior reduction with DTT. Band intensities for forms I and II were quantified by density scanning. n = 4 blots. *P < 0.001, compared with form II of control siRNA by Student's t tests. (C) Anti-Myc immunoblotting of anti-Flag immunoprecipitates reveals association of Myc-tagged TACE with Flag-tagged TACE, but not with ALK2, TbRII, or ADAM10 in HepG2 cells. (D and E) The amino acid sequence G-A- ligands. As expected, transfection of TIMP3 siRNA did not rescue the decrease in proliferation in cells transfected with TACE siRNA (Fig.  1A) . These results not only show that TIMP3 inhibits TACE but also implicate TIMP3 as a mediator of TACE activation in response to MAPK activation.
TACE dimer formation
Phosphorylation of TACE on Thr 735 in the cytoplasmic tail by p38a MAPK enhances cell surface presentation and stability and activity of TACE (10) , and phosphorylation of TACE on Ser 819 in the cytoplasmic tail occurs in response to ERK MAPK pathway activation (24) . Because either pathway can induce increased TACE activity, changes in phosphorylation of the cytoplasmic tail may induce a change in conformation of the extracellular domain of TACE. Without disulfide reduction, endogenous TACE was resolved through SDS-polyacrylamide gel electrophoresis (SDS-PAGE) as two forms (Fig. 1B) . The intensity of the faster migrating band (form II) was lower when TACE activation was decreased by transfection of p38a MAPK siRNA (10) , suggesting that this may represent an active conformation of TACE. This observation supports the notion that TACE activation might result in a conformational change (22) and led us to study the underlying molecular mechanisms that lead to TACE-mediated ectodomain shedding.
To understand this change in presentation, we investigated whether dimerization might play a role in TACE activation. ADAM proteases are not known to dimerize and do not contain a hemopexin-like domain that mediates the dimerization of some MMPs (30, 31) . We coexpressed TACE with a differentially tagged TACE or control transmembrane proteins. Coimmunoprecipitation analysis revealed association of Myc-tagged TACE with Flag-tagged TACE, but not with activin receptor-like kinase 2 (ALK2) or TbRII, two transmembrane TGF-b family receptors (11), or ADAM10 (Fig. 1C) , suggesting specific homodimerization of TACE.
We next used cysteine trap analysis, a strategy that stabilizes dimer formation by introducing cysteine residues that form an extracellular disulfide bond (33) . A short sequence containing a cysteine is introduced into the extracellular domain adjacent to the transmembrane domain of a cell surface protein, resulting in homodimer stabilization through intermolecular disulfide bonds. These homodimers are detected by immunoblotting after gel electrophoresis under nonreducing conditions. This approach has revealed the dimerization of several membrane-associated proteins (34) (35) (36) (37) (38) . We introduced two different peptides at the site of the codon for His 692 , which is the extracellular amino acid residue proximal to the transmembrane domain of TACE. The peptide Gly-Ala-Gly-Ala-Gly-Cys-Gly-Ala incorporates a cysteine (Cys), whereas the peptide Gly-Ala-Gly-Ala-Gly-AlaGly-Ala does not introduce a cysteine and serves as negative control (Fig.  1D) . Chinese hamster ovary (CHO) cells expressing either TACE mutant or wild-type TACE were lysed in the presence of iodoacetamide to prevent disulfide formation in cell lysates, and TACE was visualized by immunoblotting. TACE homodimers were apparent in cells transfected with the cysteine trap mutant TACE but not in cells expressing the control TACE mutant or wild-type TACE (Fig. 1D, left panel) . As expected, the dimers disappeared when the samples were reduced before electrophoresis (Fig.  1D , right panel), confirming dimerization through disulfide bonds. Using Ca cells (CHO cells that express TGF-a) (39), we generated stable cells expressing cysteine trap TACE or control TACE at an abundance comparable to that of endogenous TACE in carcinoma cells. In Ca cells expressing the cysteine trap mutant, a TACE dimer band was observed by anti-Flag immunoblotting (Fig. 1E) . No dimers were detected in Ca cells expressing control or wild-type TACE. These results are consistent with the coimmunoprecipitation analyses and demonstrate the ability of TACE to form dimers.
Because TACE can dimerize, we examined whether other ADAM proteases can also dimerize. We coexpressed Myc-tagged ADAM10 with Flag-tagged ADAM10 or TbRII or TACE as controls. Similarly to TACE, immunoprecipitation of Flag-tagged ADAM10 resulted in coprecipitation of Myc-tagged ADAM10 ( fig. S2A ). These data suggest that ADAM10 can also dimerize and that dimerization may be an inherent property of ADAM metalloproteinases.
Dimerization of endogenous TACE at the cell surface
We next examined whether endogenous TACE can be detected as dimers. The bulk of TACE proteins resides inside the cells in a form containing the prodomain (proTACE), whereas a small portion of the TACE pool is present at the cell surface with the prodomain removed (20, 21, 25 Fig. 2A) . However, after cross-linking with DSP or sulfo-EGS, TACE bands that were the size of TACE homodimers were detected. Stabilization of TACE dimers with DSP was reversed upon disulfide reduction, which is characteristic of DSP-mediated crosslinking ( fig. S3A ). The abundance of TACE dimers was similar in DSPor sulfo-EGS-treated Ca and HeLa cells ( Fig. 2A) , suggesting that TACE dimers resided largely at the cell surface.
We performed a similar cross-linking experiment to detect whether ADAM10 dimerizes. ADAM10 is present in Ca cells, and glycosylated proteins isolated from lysed Ca cells by adsorption to concanavalin A Sepharose were immunoblotted with ADAM10 antibody (fig. S2B ). Without previous cross-linking, most of the immunoreactive proteins had a size of 95 kD, corresponding to the size of ADAM10 (40) . When cells were treated with sulfo-EGS before lysis, additional immunoreactive bands of 190 to 220 kD were detected, which we assumed were ADAM10 dimers. This result suggests that similarly to TACE, endogenous ADAM10 could form dimers at the cell surface.
The detection of TACE dimers by use of the cysteine trap approach, or by cross-linking with sulfo-EGS, suggested that TACE dimers are found at the cell surface. The similar abundance of TACE dimers detected with DSP or sulfo-EGS cross-linking and the similar ratios of TACE dimers to monomers suggest that these dimers may be primarily at the cell surface and that only a fraction of TACE dimerizes. To specifically address the dimerization of cell surface TACE, we incubated Ca cells with the membranepermeable cross-linker EGS and EZ-link sulfo-NHS-LC-biotin to detect cross-linked cell surface TACE proteins that were biotinylated. Under these conditions, TACE inside the cells is subjected to cross-linking but cannot be biotinylated. Because both reagents use the same active groups [the N-hydroxysuccinimide (NHS) ester] to target primary amines in Lys residues and at the unblocked N terminus, the combined use of these two chemicals presumably reduced the cross-linking and biotinylation efficiencies. Cell surface biotinylated proteins were isolated with NeutrAvidin beads, and the supernatants, after removal of the cell surface biotinylated proteins, were adsorbed to concanavalin A beads to enrich the glycosylated proteins, including TACE. Most of the cell surface TACE presented as dimers (Fig. 2B , upper panel), and most of the TACE dimers were at the cell surface (Fig. 2B , compare dimers in the upper to the middle panel). Considering the limited efficiencies of combined cross-linking and cell surface biotinylation, these data suggest that the TACE dimers are primarily, if not exclusively, at the cell surface. Similarly to endogenous TACE in Ca cells, endogenous TACE in HeLa cells showed extensive dimerization at the cell surface, whereas the higher amount of TACE in Ca cells expressing transfected TACE resulted in a greater amount of TACE monomer (Fig. 2C) .
Using a similar strategy, we detected cell surface biotinylated dimers of endogenous ADAM10 in Ca cells ( fig. S2C ). On the basis of their apparent molecular weights, both proADAM10 and mature ADAM10 dimers were formed, consistent with the reported presence of both ADAM10 forms at the cell surface (40) . As with TACE ( Fig. 2B ), most ADAM10 dimers were at the cell surface ( fig. S2C , compare upper and lower panels), but, compared with endogenous TACE, a relatively higher amount of ADAM10 monomers was present at the cell surface.
Requirement of the cytoplasmic domain for TACE dimerization
To study the role of protein domains in TACE dimerization, we generated TACE/ADAM10 chimeras by replacing the TACE sequence, starting from its C terminus, with ADAM10 domains (Fig. 3A) . Individual Flag-tagged chimeras were coexpressed with Myc-tagged wild-type TACE, and their association with Myc-tagged TACE was monitored by immunoprecipitation followed by immunoblotting (Fig. 3B ). Myc-tagged TACE coprecipitated only with Flag-tagged TACE ( We also compared the dimerization of stably expressed Flag-tagged TACE-B and TACE-B/ADAM10cyto to wild-type TACE. All three TACE forms were present at the cell surface at similar abundances (Fig. 3C , upper panel). Thus, the absence of the cytoplasmic domain in TACE-B did not prevent the cell surface presentation of TACE. To assess dimerization, we treated the cells with sulfo-EGS, the cell-impermeable cross-linker that cross-links only cell surface proteins. As shown by immunoblotting of the cell lysates, wild-type TACE formed dimers, but no dimers were observed for TACE-B (Fig. 3C , lower panel). These results indicate that the cytoplasmic domain of TACE is required for dimerization but not for steady-state transport to the cell surface. Additionally, the replacement of the cytoplasmic domain of TACE with that of ADAM10 resulted in dimerization at the cell surface (Fig. 3C , lower panel). Conversely, removal of the cytoplasmic domain of ADAM10 in the ADAM10-B mutant also prevented dimerization of ADAM10 (Fig. 3D ), and addition of the cytoplasmic domain of TACE to the truncated ADAM10 restored dimerization, albeit not to the same extent as that of the ADAM10 cytoplasmic domain (Fig. 3D) .
Together, these experiments illustrate a requirement for the cytoplasmic domain in the dimerization of TACE as well as ADAM10.
Dissociation of TACE dimers by MAPK signaling
Because the cytoplasmic domain is required for dimerization of TACE, and activation of ERK or p38 MAPK induces changes in cytoplasmic domain phosphorylation, we examined the effects of these pathways on TACE dimerization. In Ca cells coexpressing differently tagged TACE forms, Flag-tagged TACE associated with Myc-tagged TACE (Fig. 4A) , consistent with the dimerization in Fig. 1C . Activation of the ERK or p38 MAPK pathways with PMA or anisomycin decreased dimerization, an effect that was largely prevented when PMA treatment was combined with U0126, which inhibits the ERK MAPK pathway, or anisomycin treatment was combined with SB203580, which inhibits p38 MAPK. Similar results were observed in HepG2 cells ( fig. S3B ) and showed that the metalloproteinase inhibitor TAPI-1 did not affect PMA-induced dimer dissociation or TACE dimer formation in unstimulated cells ( fig. S3C) .
We also examined whether ERK or p38 MAPK activation affected the dimerization of endogenous TACE in Ca cells (Fig. 4B) . Similarly to other cells, TGF-a is present in Ca cells as three isoforms that are derived through posttranslational processing of transmembrane TGF-a. The immature form I of transmembrane TGF-a with its nonglycosylated prosegment is intracellular, whereas form II with its glycosylated prosegment and form III lacking the prosegment are at the cell surface (41) . As previously reported (10), PMA and anisomycin induced ectodomain shedding of transmembrane TGF-a, as indicated by the decrease in cell-associated transmembrane TGF-a, and these effects were inhibited by U0126 or SB203580, respectively (Fig. 4B, lower panels) . Ca cells presented TACE dimers at the cell surface (Fig. 2 , A to C), and treatment with PMA or anisomycin induced a rapid increase in the cell surface abundance of TACE, as indicated by cell surface biotinylation assays (Fig. 4B, top panel) . These increases were inhibited by U0126 or SB203580. The substantial increase of cell surface TACE was accompanied by a decrease in TACE dimers, as detected by cross-linking by the use of sulfo-EGS, followed by adsorption to concanavalin A and immunoblotting (Fig. 4B, second panel) . We conclude that TACE activation is accompanied by a rapid appearance of TACE monomers at the cell surface due to increased cell surface presentation and decreased dimerization.
The appearance of cell surface TACE monomers in response to ERK or p38 MAPK activation was also apparent in T4-2 cells (Fig. 4C) . PMA and anisomycin induced the appearance of biotinylated mature TACE at the cell surface, and inhibitors of MEK1/2 (mitogen-activated or extracellular signal-regulated protein kinase kinase 1 and 2) or p38 MAPK abolished this induction (Fig. 4C, upper panel) . Concomitantly, the endogenous TACE dimers at the cell surface, which were visualized after sulfo-EGS cross-linking, decreased slightly in response to PMA or anisomycin (Fig. 4C , lower panel), as with Ca cells. Finally, analysis of TACE under native conditions by blue native PAGE also revealed the presence of TACE dimers (Fig. 4D ). Endogenous TACE dimers were barely detectable because of the low abundance of endogenous TACE, limited sensitivity of immunoblotting from these gels, and lack of an effective approach compatible with native PAGE to enrich for cell surface TACE. However, the TACE dimers were more prominent in cells expressing transfected TACE. PMA or anisomycin treatment decreased the abundance of TACE dimers (Fig. 4D ).
Poor response of TACE mutants with stabilized or impaired dimerization to MAPK activation
Because TACE activation correlated with dimer dissociation, we attempted to address the role of this reversible dissociation in the activation response. We examined whether the cysteine trap mutant, which forms a disulfide-bonded dimer at the cell surface, and TACE-B, which lacks the cytoplasmic domain required for dimerization, could be activated in response to PMA or anisomycin. Wild-type TACE, cysteine trap TACE, or the control mutant without the cysteine residue, or TACE-B, was coexpressed at a low amount with TGF-a in M2 cells (CHO cells containing inactive TACE as a result of a C600Y mutation) (42) . Whereas TACE-B does not form dimers (Fig. 3C) , the abundance of TACE dimers (as detected after sulfo-EGS cross-linking) was similar in cells expressing wild-type, cysteine trap, and control TACE ( fig. S3D) , consistent with the similar abundances of the different forms of TACE ( fig. S3E) . Little TGF-a was released when TACE was not expressed, and no increase was observed upon ERK or p38 MAPK activation (Fig. 5A) . Expression of wild-type TACE enhanced the release of TGF-a, consistent with a basal shedding activity of TACE (10) . TGF-a release was increased in response to PMA or anisomycin, and the basal shedding was decreased when p38 MAPK activity was inhibited with SB203580 or a dominant-negative p38a MAPK (Fig. 5A) , as reported (10) . Similarly to wild-type TACE, the activity of the control mutant TACE was enhanced in response to PMA or anisomycin. However, the cysteine trap mutant TACE showed lower basal shedding, comparable with that of wild-type TACE after inhibition of p38 MAPK, and its activity was marginally enhanced in response to anisomycin. Although TACE-B was not activated in response to anisomycin, it showed higher basal activity. Both the cysteine trap mutant TACE and TACE-B showed a comparatively low extent of activation in response to PMA. These data suggest that dimer dissociation, which is prevented in the cysteine trap TACE mutant, has an important role in increasing TACE activity in response to ERK or p38 MAPK signaling.
We also generated Ca cells stably expressing wild-type, cysteine trap, or control mutant TACE, or TACE-B, and transfected these cells with siRNA directed against endogenous TACE in CHO cells. The siRNA did not interfere with expression of the transfected human TACE constructs (Fig.  5B) . Ectodomain shedding of TGF-a was evaluated by examining the decrease in cell surface transmembrane TGF-a (forms II and III) (Fig. 5C) . In control Ca cells, silencing of endogenous TACE decreased the basal shedding of TGF-a (Fig. 5C, top panel) , allowing us to evaluate the activity of the introduced TACE mutants. Expression of wild-type or control mutant TACE enhanced basal shedding (Fig. 5C , second and third panels down), consistent with increased TACE abundance (Fig. 5B) . When endogenous TACE was silenced, TGF-a shedding was increased because of 3) or expressing Flag-tagged TACE (lanes 4 to 6) and treated with PMA or anisomycin. TACE was visualized by anti-TACE immunoblotting, showing TACE monomers and dimers or probable tetramers under native conditions. Dimer/monomer ratios were quantified by density scanning. n = 3 experiments. *P < 0.05, compared with DMSO-treated cells by Student's t test.
activation of transfected wild-type or control mutant TACE by PMA or anisomycin (compare lane 2 to lane 4 or 6). In contrast, TGF-a shedding was only marginally increased by PMA or anisomycin in cells expressing cysteine trap TACE or TACE-B (Fig. 5C , lower two panels). It is unclear whether the slightly increased shedding in cells expressing cysteine trap TACE or TACE-B resulted from incomplete silencing of endogenous TACE or residual activity of these two mutants. Additionally, in the absence of stimulation, silencing of endogenous TACE increased the abundance of forms II and III of TGF-a only in control Ca cells or Ca cells expressing cysteine trap TACE or TACE-B, illustrating the impaired shedding by these mutants (Fig. 5C , compare lanes 1 and 2 of each panel). Our results correlate the dynamic and reversible dimerization of TACE with the increased shedding activity in response to ERK or p38 MAPK signaling. Finally, we also examined whether the change in dimerization state upon ERK or p38 MAPK resulted in increased proteolytic activity of immunoprecipitated TACE in vitro. Tethered dimerization caused by cysteine trapping substantially decreased the proteolytic activity of TACE (Fig. 5D) . Additionally, activation of ERK or p38 MAPK signaling enhanced the in vitro proteolytic activity of immunoprecipitated TACE ( fig.  S3F ), as previously reported for ERK MAPK signaling (11) . In these assays, the immunoprecipitated TACE combined both the large pool of intracellular TACE and the small fraction of TACE that resides at the cell surface and is subject to regulation. These data correlate decreased dimerization with increased TACE activity.
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Increased association of TIMP3 with the TACE dimer
Because TIMP3 regulates TACE activity (Fig. 1A and fig. S1 , A to D) and because the TACE dimer dissociates in response to ERK or p38 MAPK activation (Fig. 4) , concomitant with increased TACE activity (Fig.  5) , we examined whether TACE dimerization is linked to its capacity to associate with TIMP3.
Coimmunoprecipitation analysis of cells coexpressing TIMP3 and TACE showed that the two glycosylated forms of TIMP3 associated with TACE (Fig. 6A) . Both PMA and anisomycin induced dissociation of these complexes, which was inhibited by the MEK1/2 inhibitor U0126 or the p38 MAPK inhibitor SB203580, respectively (Fig. 6A) . Together with the previous observations, these results suggest that dissociation of TIMP3 from TACE facilitates activation of TACE in response to MAPK signaling.
Supporting this notion, more TIMP3 associated with the constitutively dimerized cysteine trap TACE than with the control TACE mutant, which associated with TIMP3 to the same extent as did wild-type TACE (Fig. 6, B and C) . Similar results were obtained in anti-Flag coimmunoprecipitation analyses to precipitate Flag-tagged TACEs ( fig. S3G ). The TACE-B/ADAM10cyto chimera, in which the TACE cytoplasmic domain was replaced by that of ADAM10, thus conferring partial restoration of dimerization (Fig. 3D) , showed a higher association for TIMP3 than wild-type TACE ( fig. S3G) , whereas the absence of the cytoplasmic domain in TACE-B resulted in impaired TIMP3 association (Fig. 6D) . These data suggest that TIMP3 preferentially interacts with TACE dimers. Although the dimerization of cysteine trap TACE is constitutive, wild-type TACE and the control mutant TACE would be expected to show a dynamic balance between the monomeric and the dimeric state, with dimerization favored at the cell surface. The stronger association of TIMP3 with the TACE-B/ADAM10cyto chimera likely reflects a quantitatively different dynamic balance imposed by the cytoplasmic domain of ADAM10. Finally, although the TACE dimer had a greater capacity to associate with TIMP3, TIMP3 did not induce TACE dimerization (Fig. 6E) . These data suggest that dimerization may be a prerequisite for efficient TIMP3 binding to TACE and that reversal of TACE dimerization may be the basis for the dissociation of TIMP3 in response to ERK or p38 MAPK pathway activation.
DISCUSSION
Ectodomain shedding provides an important mode of regulating processes involved in cell proliferation, inflammation, and cancer progression. How ectodomain shedding is activated at the molecular level is therefore of great interest. We provide new insights into the mechanism of activation of TACE, an ADAM protease that mediates shedding in response to growth, inflammatory, and stress stimuli. We show that dimerization and TIMP3 association are key regulatory events in the control of TACE activity. These mechanisms may be of general relevance in the control of ADAM proteases.
Role of TIMP3 in MAPK-activated TACE activation
TIMP3, an inhibitor of MMPs and TACE, inhibits ectodomain shedding in vivo. Mice lacking TIMP3 show increased TACE activity and soluble TNF-a abundance, leading to inflammation (18, 19, 43) . Consistent with these observations, we show that TIMP3 silencing enhances TACE-mediated ectodomain shedding and that TIMP3 regulates TACE activity in response to ERK or p38 MAPK signaling. Thus, TIMP3 silencing compromised TACE-mediated shedding induced by ERK or p38 MAPK signaling, lowering the availability of cleavage substrate at the cell surface through increased basal shedding. TIMP3 associated with TACE, and this association was relieved in response to either pathway. Furthermore, TIMP3 related epistatically to p38 MAPK in the control of TACE activation because growth inhibition resulting from p38a MAPK silencing and consequent inhibition of TACE-mediated release of TGF-a ligands (10) was rescued by additionally silencing TIMP3. Because of the high abundance of TACE and TIMP3 in heart, kidney, lung, liver, and brain (18) and because of the changes in TIMP3 abundance in angiogenesis (44) , inflammation (45) , and cancer metastasis (46, 47) , the regulation of TIMP3 abundance may control TACEmediated ectodomain shedding. PMA was recently shown to induce a rapid conformational change in TACE that exposes its catalytic site (22) , possibly through disulfide bond isomerization (27) . In agreement with these findings, we found that decreased TACE activity, which resulted from silencing p38a MAPK, was accompanied by a change in electrophoretic mobility that likely reflects a conformational change. This conformational change likely explains the decreased association of TIMP3 with TACE in response to ERK or p38 MAPK activation.
Consistent with several lines of evidence from cell systems and in vivo studies (18, 19, 43) , but in contrast with those of Le Gall et al., who concluded that TIMP3 may not be involved in TACE activation (22), we propose that TIMP3 regulates endogenous TACE activation and that the increased TACE activity in response to ERK or p38 MAPK involves release of the inhibition by TIMP3. The basis for the discrepancy with the results of Le Gall et al. (22) is unclear but may relate to the minimal difference in TIMP3 abundance between Timp3 +/− and Timp3 −/− fibroblasts, which may not be adequate to regulate shedding of overexpressed substrate in their assay system. Together, our results combined with all previous reports suggest that both a conformational change and TIMP3 release are normally required for TACE activation and raise the possibility that even in the absence of TIMP3, a conformational change is still required to expose the catalytic center of TACE.
We additionally correlated TACE dimerization with increased TIMP3 binding, suggesting that TACE dimerization helps define the conformation of TACE and enhances association with TIMP3. Considering the 1:1 stoichiometry for the TIMP3 interaction with TACE (28), it is tempting to speculate that two TIMP3 proteins may interact with the TACE dimer. The structural basis of the regulation of TIMP3 association with TACE requires further study. The association of TIMP3 with TACE may be further defined by the presence of other MMPs to which TIMP3 can bind and possible effects of MAPK signaling on the abundance and endocytosis of TACE or TIMP3 (or both) (45, 48) .
Role of dimerization in TACE activation
By cross-linking, coimmunoprecipitation, blue native PAGE, and the cysteine trap approach, we show that TACE forms dimers at the cell surface, where ectodomain shedding occurs and TACE is inhibited by TIMP3. Dimerization at the cell surface may be inherent to ADAM proteases because both TACE and ADAM10 can form homodimers. MMP14 and MMP9 can also form homodimers (30, 31) , but this depends on their hemopexinlike domain (49, 50) that is absent in ADAM proteases. We also observed TACE tetramers in native PAGE (Fig. 4D) , raising the possibility that high-order TACE complexes might form at the cell surface and that these could be involved in regulating the activation and substrate recognition of TACE.
We present evidence that dimerization regulates TACE-mediated shedding and that dimerization of TACE (or ADAM10) requires its cytoplasmic domain. A role of the cytoplasmic domain in TACE dimerization, together with its role in the rapid increase in the regulated cell surface presentation of TACE (10, 25, 26) , may account for, or contribute to, the rapid increase in TACE activity in response to ERK or p38 MAPK signaling. Accordingly, cytoplasmically truncated TACE did not dimerize and responded poorly to ERK or p38 MAPK signaling. Conversely, disulfide-tethered TACE dimers showed impaired responsiveness to p38 MAPK, illustrating the role of reversible dimerization in TACE activity. However, cytoplasmically truncated TACE was transported to the cell surface under steady-state conditions and is enzymatically active (51) , suggesting that the cytoplasmic domain does not regulate these functions. Consistent with our findings, deletion of the cytoplasmic domain impairs TACE-mediated shedding in response to PMA (10, 13, 23, 25, 26, 52, 53) . However, the residual activity, which appears to depend on the amount of truncated TACE and the TACE/substrate ratio, may have led to the conclusion that the cytoplasmic domain is not essential for TACE activity (22) . Expression of truncated TACE at a high abundance may make some cytoplasmic domain functions less apparent.
Because dimerization often leads to receptor activation, it may seem counterintuitive that dimer dissociation is at the basis of TACE activation. However, several examples illustrate dissociation of dimers or protein interactions in response to signaling. Some G protein (heterotrimeric guanosine triphosphate-binding protein)-coupled receptors, such as the parathyroid hormone receptor, form dimers that dissociate upon ligand binding and then activate G protein signaling (54) . Dimers of the small heat shock protein HSP27 dissociate upon activation by heat shock (55) , and binding of acidic phospholipids to the adenosine triphosphatase SecA results in dimer dissociation and activation (56) . Finally, stress in the endoplasmic reticulum (ER) induces dissociation of the chaperone BiP (binding immunoglobulin protein) from the transmembrane kinases IRE1 (inositol-requiring enzyme 1) or PERK [PKR-like ER-localized eIF2a (eukaryotic initiation factor 2a) kinase], thereby activating the unfolded protein response (57) . In the case of TACE, dimer dissociation results in the release of TIMP3 and may contribute to a conformational change that exposes the catalytic site of TACE to allow cleavage.
Understanding the mechanism of TACE activation in response to MAPK signaling Although TACE activation was shown more than a decade ago, the mechanism through which cell signaling leads to TACE activation has largely remained elusive. Our current and previously reported findings help to define a model of TACE activation (Fig. 7) . After removal of its prodomain, TACE activity is enhanced in response to signals that activate the ERK or p38 MAPK pathways. This stimulation is rapid and does not require protein synthesis (10, 39) , indicating a posttranslational event. Indeed, activation of the ERK or p38 MAPK pathway induces rapid changes in the phosphorylation of the TACE cytoplasmic domain (10, 23, 24) . Although p38 MAPK has been shown to directly phosphorylate TACE on Thr
735
, it remains unclear whether ERK directly phosphorylates TACE or whether other effectors mediate the changes in phosphorylation. After these phosphorylation events, activation of shedding correlates with a rapid increase in mature TACE at the cell surface, resulting from mobilization of TACE from intracellular stores to the cell surface. Replacing Thr 735 with alanine, which prevents phosphorylation by p38, results in degradation of TACE at the cell surface (10) . Whether autocatalysis controls the cell surface presentation of TACE, as has been suggested for some ADAMs or MMPs (2, 3), remains to be determined, although inhibition of TACE activity does not affect its degradation. TACE interacts with iRhom2, a proteolytically inactive transmembrane protein belonging to the rhomboid family, and this association controls TACE maturation and trafficking to the cell surface (58, 59) . These observations illustrate the importance of cell surface presentation of TACE in the regulation of its shedding activity and raise the possibility that the interaction between TACE and iRhom2 may be a target of MAPK signaling.
Concomitant with the rapid increase in cell surface presentation, TACE shows regulated dimerization. TACE is predominantly present at the cell surface as a dimer, whereas the bulk of TACE proteins appears to reside intracellularly in a monomeric form. The TACE dimer associates with extracellular TIMP3, which keeps TACE inactive. ERK or p38 MAPK signaling changes the dynamic balance between TACE dimers and monomers and their conformations, presumably as a result of changes in phosphorylation of its cytoplasmic domain, which is required for TACE dimerization. This change in monomer-dimer equilibrium, fueled by the rapid increase of cell surface presentation of TACE and decreased TACE dimerization, then translates into a predominance of TACE monomer at the cell surface, a conformational change in TACE, and decreased association for TIMP3, resulting in TACE activation and higher shedding activity (Fig. 7) . Because ADAM10 also dimerizes, we surmise that the regulation of the dimer-monomer equilibrium in response to signaling may define the activation of other ADAM proteases and the ectodomain shedding of their substrates. However, this mode of regulation may differ for individual ADAMs because ADAM10 has a higher relative amount of monomers at the cell surface in unstimulated cells than TACE.
MATERIALS AND METHODS
Expression plasmids, reagents, and antibodies
Expression plasmids encoding TGF-a or Flag-or Myc-tagged human TACE, TbRII, and ALK2 have been previously described (10, 11) . Plasmids encoding Flag-or Myc-tagged ADAM10, TACE-B, ADAM10-B, TACE/ ADAM10, or ADAM10/TACE chimeras were made with polymerase chain reaction (PCR)-based methods from pRK5-TACE-Flag and human ADAM10 complementary DNA (cDNA), which were isolated by reverse transcription-PCR (RT-PCR) from HeLa cells. A plasmid encoding mouse TIMP3 was provided by Z. Werb, and the human TIMP3 cDNA was generated by RT-PCR and inserted into pRK5 with a C-terminal Myc tag. All coding sequences were verified by DNA sequencing.
The phorbol ester PMA, anisomycin, SB203580, U0126, TAPI-1, and human TIMP3 were from Calbiochem. Iodoacetamide, concanavalin A Sepharose 4B, and anti-Flag (M2) antibody-conjugated agarose were from Sigma. Protein A Sepharose was from Amersham. The cross-linkers DSP, EGS, and sulfo-EGS, and EZ-link sulfo-NHS-LC-biotin and NeutrAvidin beads were from Pierce.
The monoclonal anti-TGF-a (ab-1) and rabbit anti-ADAM10 (ab-1) antibodies were from Calbiochem, rabbit anti-TACE was from QED . Model of TACE activation by MAPK signaling. Without MAPK signaling, cell surface TACE is primarily present as dimer and readily associates with TIMP3, possibly binding to the TACE dimer in a 2:2 ratio. TACE is therefore only partially active and its activity depends on the availability of TIMP3 (left). Upon p38 or ERK MAPK pathway activation, the cytoplasmic domain of TACE is phosphorylated, resulting in rapidly increased cell surface presentation (wider arrows), higher abundance of TACE monomers, and lower abundance of dimers. The lack of dimerization results in lower association of TACE with TIMP3 and the activation of TACE (right). The activity of TACE thus results from the dynamic balance between TACE dimers and monomers at the cell surface and the resulting differences in TIMP3 binding efficiency.
Bioscience, and rabbit anti-TbRI was from Santa Cruz Biotechnology. Anti-a-tubulin, anti-Flag (M2), rabbit anti-Flag, and anti-Myc (9E10) antibodies were from Sigma.
Cell culture and transfections
CHO cells and derivative Ca (39) and M2 cells (42) were cultured in F-12 medium with 10% fetal bovine serum (FBS), and HeLa, HepG2, and 293T cells were maintained in Dulbecco's modified Eagle's medium with 10% FBS. T4-2 cells were provided by M. Bissell (Lawrence Berkeley National Laboratory) and cultured as described (8) . CHO, Ca, M2, and 293T cells were transfected with FuGENE 6 (Roche). Ca cells were stably transfected with plasmids for TACE, cysteine trap TACE, control mutant TACE, TACE-B, or TACE-B/ADAM10cyto along with pRK7-Hyg to enable selection with hygromycin B (600 mg/ml; Roche). Colonies were obtained by serial dilution culture and analyzed by anti-Flag immunoblotting.
Cross-linking and cell surface protein biotinylation Cells were treated with U0126 (10 mM) or SB203580 (10 mM) 30 min before and during PMA (25 nM) or anisomycin (1 mM) treatment. Cells were washed three times with ice-cold phosphate-buffered saline (PBS) and then incubated with 1 mM cross-linker DSP, EGS, or sulfo-EGS and/or 1 mM EZ-link sulfo-NHS-LC-biotin in PBS at 4°C for 60 min. Cross-linking or biotinylation reactions were stopped with 100 mM glycine in PBS, and cells were lysed in Myc lysis buffer (11) . After a 2-hour incubation with concanavalin A Sepharose (Sigma), NeutrAvidin (Pierce), or anti-Flag M2 beads (Sigma), adsorbed proteins were washed three times with magnesium lysis buffer (MLB), separated by 4 to 20% SDS-PAGE, and immunoblotted with anti-TACE, anti-ADAM10, or anti-Flag antibodies.
Blue native PAGE and immunoblotting
293T cells were transfected with 0.1 mg of plasmid encoding C-terminal Flag-tagged TACE or control vector. Thirty-six hours after transfection, cells were treated with PMA (25 nM) or anisomycin (1 mM) for 30 min and lysed in NativePAGE sample buffer with 1% DDM (n-dodecyl-Dmaltoside; Invitrogen). After addition of 0.25% Coomassie G-250, cell lysates were separated by blue native PAGE with the NativePAGE Bis-Tris Gel System (Invitrogen). After electrophoresis, the gel was soaked in 0.1% SDS buffer, transferred to polyvinylidene difluoride membrane, fixed by 8% acetic acid, air-dried, soaked in methanol to remove Coomassie dye, and subjected to immunoblotting with anti-TACE antibody and chemiluminescence.
Cysteine trap analysis
Cysteine trap analysis of dimerization of membrane-associated proteins was done as previously described (33) . To generate cysteine trap or control mutant TACE, we introduced the DNA sequences GGTGCAGGTGCTG-GTTGCGGTGCT or GGTGCAGGTGCTGGTGCAGGTGCT into the pRK5-TACE-Flag after nucleotide 2172 of the human TACE cDNA sequence (ref: NM_003183.4), thus inserting the peptide Gly-Ala-Gly-AlaGly-Cys-Gly-Ala or Gly-Ala-Gly-Ala-Gly-Ala-Gly-Ala, respectively, before His
672
. Ca cells were then transfected with 0.2 mg of plasmid encoding TACE, cysteine trap TACE, or control mutant TACE with FuGENE 6 (Roche) and lysed 48 hours later with MLB containing 10 mM iodoacetamide to stabilize disulfide bonds. Cell lysates were subjected to 4 to 20% gradient SDS-PAGE, with or without reduction with dithiothreitol (DTT), and anti-TACE immunoblotting. Ca cells stably expressing TACE, TACE-MC, or TACE-Con were similarly analyzed but without previous disulfide reduction.
Coimmunoprecipitations and Western blotting
Ca, HepG2, or 293T cells were transfected with 0.2 mg of plasmid encoding C-terminal Myc-or Flag-tagged TACE, TACE-B, ADAM10, TACE-B/ ADAM10cyto, and/or TIMP3. Forty-eight hours after transfection, cells were treated with anisomycin, PMA, and/or U0126 for the indicated times and lysed with MLB. Lysates were subjected to immunoprecipitation with anti-Flag (M2)-conjugated Sepharose, anti-Flag rabbit polyclonal antibody, or anti-Myc (9E10) antibody with protein A Sepharose. After four washes with MLB, adsorbed proteins were analyzed by 4 to 20% gradient SDS-PAGE (Invitrogen) and anti-Myc or anti-Flag immunoblotting. Cell lysates were also analyzed by SDS-PAGE and immunoblotting to control protein abundance. 
RNA interference
Ectodomain shedding assay
Twenty-four hours after transfection with TIMP3, p38a MAPK, or control siRNA, T4-2 cells were starved overnight, washed with fresh medium, and treated with PMA (25 nM) or anisomycin (1 mM) for 60 min. Cells were then surface-biotinylated and lysed, and proteins adsorbed to NeutrAvidin beads were analyzed by 4 to 20% gradient SDS-PAGE and anti-TbRI (Santa Cruz Biotechnology) immunoblotting to visualize cell surface TbRI. Shedding of transmembrane TGF-a in T4-2 cells, Ca cells, or transfected M2 cells and soluble TGF-a release were detected as previously described (10) . For quantification of soluble TGF-a, media were collected, cooled, and cleared at 5000 rpm for 10 min to remove unattached cells and debris, and TGF-a was quantified with Quantikine Immunoassay kit (R&D Systems).
TACE proteolytic activity assay
TACE activity was measured with the InnoZyme TACE Activity Kit (Calbiochem). Ca transfected to express wild-type or cysteine trap TACE or HepG2 cells transfected with control or TACE siRNA were treated for 30 min with PMA (25 nM), anisomycin (1 mM), U0126 (10 mM), or SB203580 (10 mM). Cells were lysed with MLB; a portion of the cell lysates was subjected to the TACE activity assay, and another portion was subjected to anti-Flag immunoblotting to assess TACE abundance. TACE in cell lysates was visualized by anti-TACE monoclonal antibody and its activity was measured with an internally quenched fluorescent substrate. Cleavage of the amide bond of the substrate released the fluorophore, resulting in increased fluorescence, which directly relates to the activity of TACE.
Cell proliferation assay
Cell proliferation was quantified by 5-bromo-2′-deoxyuridine (BrdU) incorporation. T4-2 cells were transfected with siRNA to TACE, p38a MAPK, TIMP3, or control siRNA and were seeded 24 hours later in a 48-well plate. After 72 hours, cells were incubated with BrdU for 3 hours, and incorporated BrdU was measured with the BrdU Cell Proliferation Assay kit (Calbiochem).
Statistics
Quantitative data are presented as means ± SEM from at least three independent experiments. Data presented as either fold change or as percentage were log-transformed before statistical analysis. When appropriate, statistical differences between each group were analyzed with unpaired Student's t test by SigmaPlot 10.0. Differences were considered significant at P < 0.05.
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